A new method of desulfurization of molten iron has been developed with magnesium vapor produced insitu by carbothermic reduction of magnesium oxide. Pellets, the main composition of which was magnesium oxide and carbon, were charged into a graphite tube. The tube was immersed into the molten iron to produce magnesium vapor. This process has been studied experimentally and theoretically.
Introduction
To meet the steel users' demands for high quality steels and so called "clean steel", alkaline earth metals are currently used for the treatment of various steel grades owing to their strong affinity for non-metallic elements such as oxygen, sulfur, phosphorus and nitrogen. With using argon as carrier gas, deoxidation and desulfurization of molten steel were studied by Mori et al. 1) with calcium, magnesium and strontium vapors, which were produced by heating the pure metals in a vaporizer. Several other methods have been also developed for using magnesium to desulfurize hot metal, for example, Mag-Coke, 2, 3) Salt-coated magnesium 4) and Mag-Lime. 5) In recent years, several researchers 6, 7, 8) studied the desulfurization of pig iron by the injection of magnesium and lime powders. The desulfurization efficiency of magnesium was between 10% and 30%, the final sul-fur concentration dropped to 10-20 ppm and the drop in temperature during the desulfurization was less than that for lime injection.
Speer and Parlee 9) made studies on the solubility of magnesium vapor in carbon-saturated iron and found that the solubility was proportional to the magnesium partial pressure in atmosphere. Under the magnesium partial pressure of 0.95 atm, the magnesium concentration in pig iron was 0.195 mass% at 1 643 K. Irons and Guthrie 10, 11) found that the efficiency of magnesium dissolution ranged between 20 and 80% with using a magnesium vaporizer to inject pure magnesium vapor into pig iron at 1 523 K.
Irons and Guthrie [12] [13] [14] examined the kinetic mechanism of desulfurization of pig iron by magnesium vapor. They concluded that most of the desulfurization took place by precipitation on magnesium sulfide inclusions present in the melt bath rather than on the bubble surface. On the other hand, Nakanishi et al. 15) assumed that the solubility of magnesium in molten iron was too low for significant amount to dissolve, and consequently, the desulfurization reaction occurred on the bubble surface. The rate-controlling step was taken to be the mass transfer of dissolved sulfur to the bubble surface.
In previous papers, Sano et al. investigated deoxidation, 16) decarburization 17) and simultaneous decarburization and denitrogenization 18) of molten iron using a porous immersion tube, the inside of which was evacuated. The present study also used an immersion tube to develop a new method of desulfurization of molten iron of high carbon concentration. The immersion tube was charged with MgO-C pellets. The magnesium oxide in the pellets, heated by heat conduction from the molten iron, was reduced by carbon to produce magnesium vapor, which was injected directly into the melt with argon carrier gas. The experimental results were analyzed with a mathematical model to investigate the reaction mechanism. Figure 1 is a schematic diagram of the experimental apparatus. A high frequency induction furnace (15 kW, 100 kHz) was used to melt electrolytic iron of 350 g in a graphite crucible of 40 mm in I.D. and 100 mm in height. An inert atmosphere was maintained by blowing argon at a flow rate of 1.3ϫ10 Ϫ5 m 3 /s onto the melt surface through an alumina lance of 4.2 mm in I.D. placed 15 mm above the melt surface. Temperature was measured with a W · 5%Re-W ·26%Re thermocouple.
Experimental Apparatus and Procedures
The immersion tube consisted of two parts. The upper part was an alumina tube and the lower part a graphite tube. The graphite tube was of 10 mm in I.D., 15 mm in O.D. and 60 mm in length. It had 5 holes of 1.0 mm in diameter with one hole at the center of the bottom and four holes around the tube positioned 2.5 mm from the tube bottom. The magnesium vapor and argon carrier gas were injected into the melt through the holes.
The materials of the pellet were magnesia powder (average diameter 0.4 mm and purity higher than 99.9%) and graphite powder (average diameter 3.9 mm, fixed carbon 99.12%, ash 0.15% and moisture 0.4%). In most experiments, 33mol%SiO 2 -33mol%CaO-33%mol%Li 2 O (Bϭ2) slag, which is with low melting point because of containing Li 2 O, was added to the pellet. The way of making the pellet was as follows: After mixing the magnesia and carbon powders with a molar ratio of 1 : 1, a mixture with further adding 10mass% slag was prepared. Then, small amount of water was added to the mixture and the pellets were formed with a stainless steel plate of 3 mm thickness, which had many holes of 1.5 mm diameter. Finally, the pellets were dried at 473 K for 20 min.
After melting the iron, the initial sulfur content was adjusted by adding FeS. And then, the immersion tube charged with the pellets was submerged into the melt until its tip reached 2 mm from the crucible bottom. The desulfurization process was examined by taking a sample from the melt at appropriate time intervals for analyzing sulfur and carbon.
Principle of Desulfurization of Molten Iron with Magnesium Vapor Produced In-situ by Carbothermic Reduction of Magnesium Oxide
Reduction of metal oxide with carbon, when carried out at atmospheric pressure, is usually not a true solid-solid reaction but proceeds through gaseous intermediates, 19) such as the reduction of iron oxide, lead oxide, nickel oxide, and copper oxide. The reduction of magnesium oxide with carbon also proceeds through gaseous intermediates. 20) The overall reduction of magnesium oxide with solid carbon is given by In order to express the degree of reduction of magnesium oxide, a reduction efficiency of pellet, h R , is introduced, which is defined as the ratio of the mass of the reduced MgO, W R , to the initial mass of MgO in the pellets, W 0 . From the above equation, the equilibrium relation between P Mg and [ppmS] is plotted in Fig. 2 . It is clear that the equilibrium sulfur concentration in the melt decreases with decreasing temperature and increasing magnesium partial pressure.
Here the desulfurization efficiency of pellet, h S,P , and the desulfurization efficiency of magnesium vapor, h S,Mg , are introduced as where W Mg,S is the mass of magnesium actually reacted with sulfur, and W Mg is the mass of magnesium vapor produced by the reduction of pellet. Figure 3 shows the effect of pellet composition on desulfurization of molten iron. "MgO-C" means the pellet without slag addition.
Experimental Results and Discussion

Effect of Pellet Composition on Desulfurization
It can be seen that with addition of the slag to the pellet, the desulfurization of molten iron has been improved. This may be due to the formation of Mg 2 SiO 4 by the reaction between SiO 2 in the slag and MgO. The SiO 2 in the Mg 2 SiO 4 may react with C to form SiO, which easily vaporizes. The remaining MgO particles will be activated to react with C more easily. 22) Thermogravimetric analyses were carried out with a thermobalance for the pellets of "MgO-C-Slag (Bϭ2)" and "MgO-C", and "Mg(OH) 2 " powder. The mass increase within the first 1min shown in Fig. 4 may be due to the in-stability of the measuring system at the initial stage of the measurement. The mass losses of the two kinds of pellets and Mg(OH) 2 powder were from 8% to 16% at 673 K. Since the difference of the mass loss among the pellets of "MgO-C-Slag (Bϭ2)", "MgO-C" and the Mg(OH) 2 powder was not large, Mg(OH) 2 might form in these pellets during the preparation process.
Effect of Temperature on Desulfurization
The experimental results of desulfurization are presented in Fig. 5 for the pellet of "MgO-C" at 1 653 K, 1 853 K and 2 053 K. At 1 653 K, the sulfur concentration slowly decreased from 710 ppm to 650 ppm in 180 min. At a higher temperature of 1 853 K, the rate of desulfurization became faster and the sulfur concentration decreased from an initial value of 600 ppm to a final value of 280 ppm in 180 min. At a further higher temperature of 2 053 K, the desulfurization rate became still larger at the initial stage, but resulfurization reaction occurred after 15 min and the final sulfur concentration rose back to 510 ppm, which was almost the same as the initial value.
There are two reactions in the present desulfurization process. One is the reduction of magnesium oxide and the other is the desulfurization with magnesium vapor. Therefore, the change in sulfur concentration with time may depend on both of the two reactions. At the lower temperature of 1 653 K, the reduction of magnesium oxide proceeds slowly. There is less magnesium vapor produced to inject into the melt and h R is only 20%. So, the desulfur- ization rate is slow and the sulfur concentration drops only a little in 180 min. With increasing temperature, the rate of the reduction of magnesium oxide increases. A higherh R of 45% and a faster desulfurization rate are obtained at 1 853 K. Further increasing temperature to 2 053 K gives a still higherh R of 95% and a faster desulfurization rate in the first 15 min. But at this temperature, the reduction of magnesium oxide is so fast that it appears to end after 15 min. In addition, the equilibrium sulfur concentration in the melt is rather high at such a high temperature. As a result, resulfurization reaction occurs and the sulfur concentration begins to rise after 15 min.
From the above experimental results, it can be deduced that the present desulfurization process strongly depends on the reduction of MgO. In order to increase the desulfurization rate and efficiency, the reduction of MgO should proceed at a higher temperature to increase the reduction rate and the reduction efficiency of pellet, but the desulfurization reaction should proceed at a lower temperature to be able to remove sulfur to a lower concentration. Therefore, it is desirable to separate the sites of the reduction of pellet and the desulfurization.
Effect of Carrier Gas Flow Rate on Desulfurization
The sulfur concentration versus time is illustrated in Fig.  6 for carrier gas flow rates of Q Ar ϭ8.3ϫ10 Ϫ7 m 3 /s and 1.7ϫ10 Ϫ6 m 3 /s. The temperature was 1 773 K, the pellet mass 1.5 g and the pellet composition "MgO-C-Slag (Bϭ2)". It can be seen that increasing carrier gas flow rate increases the desulfurization rate. The reduction efficiency of pellet is h R ϭ28% at 8.3ϫ10 Ϫ7 m 3 /s and 31% at 1.7ϫ 10 Ϫ6 m 3 /s. This again confirms that increasing the reduction rate of magnesium oxide increases the desulfurization rate.
Effect of Metal Mass on Desulfurization
The sulfur concentration versus time is plotted for melt masses of 250 g, 350 g and 400 g in Fig. 7 , under the experimental conditions of temperature 1 773 K, carrier gas flow rate 8.3ϫ10 Ϫ7 m 3 /s, pellet mass 1.5g and pellet composition"MgO-C-Slag (Bϭ2)".
The melt depths were 3.4 cm, 4.9 cm and 5.6 cm for 250 g, 350 g and 400 g, respectively. With the melt depth increasing, the residence time of magnesium vapor in the melt becomes longer and the desulfurization efficiency of magnesium vapor should increase. But in the present exper-iment, the rate of the reduction of magnesium oxide is slow and the partial pressure of magnesium in a bubble is rather low. Therefore, the magnesium partial pressure will decrease to the equilibrium value given by Eq. (6) before the bubble leaves from the melt surface. Namely, there is almost no surplus of magnesium vapor to leave from the melt without combining with sulfur. As a result, the change in melt mass has little influence on the desulfurization efficiency of magnesium vapor.
Kinetics of Desulfurization of Molten Iron
A common basis is required for a detailed kinetic analysis of desulfurization of molten iron with magnesium vapor produced in-situ by carbothermic reduction of magnesium oxide. In this process, the main desulfurization site is assumed on the bubble surface, which will be proved in the latter part of this paper. Consequently, the rate-controlling steps are assumed to be the mass transfers of magnesium and dissolved sulfur to the bubble-melt interface, and in addition not to be the chemical reaction between magnesium and sulfur at the interface.
Further assumptions are as follows: The sulfur concentration and the temperature in the melt are uniform. The bubble is of spherical shape and there is no disintegration and coalescence during its rising process. Magnesium in the bubble does not dissolve into molten iron significantly. Since the carbon concentration is high in the melt, the reoxidation of magnesium vapor by CO gas in the bubble is neglected. The resulfurization reaction due to dissociation of MgS on the metal surface is also neglected.
Theory
Model of Gas-and Liquid-phase Mass Transfers
On the basis of the above assumptions, one can get the following equations for a single bubble:
........ (9) .............. (10) The reaction between magnesium vapor and dissolved sulfur on the bubble surface can be written as Eq. (5). Therefore, the equilibrium constant between magnesium vapor and dissolved sulfur on the bubble surface is expressed as .................. (11) The mass balance between magnesium and sulfur on the bubble surface leads to the following relationship:
............................ (12) By combining Eqs. (9), (10), (11) and (12), the interfacial sulfur concentration can be derived, Combining Eqs. (11) and (13), one can also obtain the interfacial partial pressure of magnesium.
Mass Transfer Model during Bubble Ascent Period
With x and v B , respectively representing the bubble ascent distance from the nozzle exit and the bubble ascent velocity, the left side of Eq. 
Mass Transfer Model during Bubble Formation
Period In Groothuis' mass transfer model 25) for the bubble formation period, it is assumed that the bubble is always of spherical shape, there is no turbulence on the new surface being formed, and hence, the new surface being formed is really "fresh" surface. Let the area increment in the time interval between tЈ and tЈϩdt be dA(tЈ). Then at the time t 1 (t 1 ϾtЈ) the mass transfer rate through the area is .... (23) And during the time from 0 to the bubble formation time t f , the number of moles of desulfurization, n S,f , may be written as ... (24) where the bubble surface area is expressed as ........ (25) According to the ideal gas equation, the gas flow rate QЈ i in Eq. (25) follows that ................. (26) where iϭAr, Mg, or (Mg, S).
In addition, the size of a bubble formed from a nozzle in water and molten iron has been studied by several re- [26] [27] [28] It is found that the bubble size is strongly dependent on the gas chamber volume upstream from the nozzle. A dimensionless group related to the chamber volume 26) is defined as ..................... (27) In the present case of N C Ͼ9, the diameter of the bubble is given by 26) . Applicability of Eq. (28) has been tested favorably in another authors' paper. 29) 
Calculation Method
Initial Number of Moles of Magnesium in a Bubble
To study the kinetics of desulfurization, it is necessary to know the initial number of moles of magnesium in a bubble. This can be obtained from the experimental data of the reduction efficiency of pellet ,h R , versus time.
In Fig. 8 , the reduction efficiency of pellet is plotted against time under the experimental conditions of temperature 1 773 K, carrier gas flow rate 8.3ϫ10 Ϫ7 m 3 /s and pellet composition "MgO-C-slag (Bϭ2)". Except for no loading of molten iron into the crucible, the other experimental conditions for measuringh R was the same as those for desulfurization. As shown in Fig. 8 , the reduction efficiency of pellet increases to a value of about 28% at 7 200 s. From these experimental data, we can obtain a regression equation of the reduction efficiency of pellet,h R , as a function of time. The value of 5.64 in Eq. (30) cannot be explained clearly at present. In the initial period of reduction, the direct reduction of MgO with carbon and desorption of H 2 O may contribute to h R . Further study is needed to clarify the reduction mechanism.
From Eq. (30), one can deduce the number of moles of magnesium produced from tϪ60 (s) to t as follows:
... (31) Then, the number of bubbles generated during 60 s and the initial number of moles of magnesium in a bubble are given by Since Eq. (30) is obtained with using the experimental data for "MgO-C-slag (Bϭ2)" pellet, the following calculation is made for the case using the pellet.
Numerical Solution
The amount of desulfurization by one bubble during the bubble ascent period can be obtained by solving Eq. (19) . The numerical solution is developed using Runge-Kutta-Gill method. The calculation step is one hundredth of the distance from the nozzle exit to the melt surface.
In numerical calculation for the bubble formation period, Eq. (24) is changed into the following equation. The amount of desulfurization per second is the product of the amount of desulfurization by one bubble during the bubble formation and ascent periods times the number of bubbles generated per second.
The sulfur diffusion coefficient in the melt is taken as 1.89ϫ10 Ϫ9 m 2 /s at 1 773 K. 30) The magnesium diffusion coefficient in the bubble is calculated from the correlation developed by Chapman and Enskog 31) to be 3.84ϫ10 Ϫ4 m 2 /s at 1 773 K. The calculation is based on the Ar-Mg binary system with neglecting the effect of CO.
Calculated Results
Mechanism of Desulfurization with Magnesium
Vapor Produced by Carbothermic Reduction of Magnesium Oxide Figure 9 presents the plots of experimental and calculated sulfur concentrations against time. The calculated results are well consistent with the experimental ones.
To identify the rate controlling mechanism and the desulfurization site in this process, the sulfur concentration in the melt and on the bubble surface, and the magnesium partial pressure in the bubble and on the bubble surface are calculated and plotted against time in Fig. 10 . The conditions of the calculation are that the temperature is 1 773 K, the pellet mass 1.5 g and the carrier gas flow rate 8.3ϫ10 Ϫ7 m 3 /s. On the basis of the reduction rate of MgO obtained from Fig. 8 , the magnesium partial pressure in the immersion tube is calculated to be 0.018 atm under these conditions. As shown in Fig. 10(a) , at tϭ0.05t f ( jϭ5) of the bubble formation period, the magnesium partial pressure and sulfur concentration on the bubble surface are considerably smaller than those in the bubble and in the melt. These indicate that the difference of the mass transfer rates between magnesium in the bubble and sulfur in the melt is not very large, and the rate-controlling steps of the desulfurization are the mass transfer of magnesium and dissolved sulfur to the bubble-melt interface. Figure 10(b) shows that with the progress of desulfurization, the magnesium partial pressure in the bubble decreases, thus the difference of sulfur concentration and magnesium partial pressure between in the bulks and on the bubble surface become small at the end of the bubble formation period. With further decreasing in magnesium partial pressure close to the equilibrium value at the end of the bubble ascent period, the sulfur concentrations in the melt and on the bubble surface become almost the same as seen in Fig. 10(c) . At this moment, the mass transfer of magnesium in the bubble is much slower than that of sulfur in the melt and becomes the rate-controlling step.
Since the magnesium partial pressure on the bubble surface is rather low, there will be little magnesium dissolving into the melt and the main desulfurization site is on the bubble surface in the present case.
Comparison of Desulfurization between the Bubble
Ascent and Formation Periods The comparison of the number of moles of desulfurization by one bubble during the bubble formation and ascent periods is illustrated in Fig. 11 . One can see that the amount of desulfurization during the bubble formation period, n S,f, is larger than that during the bubble ascent period, n S,a . The reason is that most of the magnesium in the bubble reacts with sulfur in the melt during the bubble formation period. The ratio of n S,f to n S,a decreases with time, from 8.3 at the beginning of reaction to 4.3 at the end. It is to be noted that the amount of desulfurization during the bubble formation period decreases with time due to the decrease in sulfur concentration. Figure 12 presents the effect of pellet mass on desulfurization. Increasing pellet mass increases the desulfurization rate and lowers the final sulfur concentration. Since more magnesium vapor is produced by using more pellets, it can be seen that increasing pellet mass is effective in enhancing the desulfurization rate and obtaining lower sulfur concentration.
Effects of Pellet Mass and Initial Sulfur Concentration on the Desulfurization Rate
The calculated desulfurization efficiency of magnesium vapor, h S,Mg , for the above cases is depicted in Fig. 13 . The more pellets are used, the higher is the initial value of h S,Mg , but the faster does h S,Mg decrease. In the present case, since the magnesium partial pressure is low, almost all of the magnesium vapor, whose partial pressure is higher than the equilibrium value, will combine with sulfur before it leaves from the melt surface. Since the magnesium vapor, whose partial pressure is below the equilibrium value, cannot combine with sulfur, theh S,Mg is not 100%. The more are pellets used, the higher is h S,Mg at the initial stage. However, using more pellets, the decrease in sulfur concentration becomes faster, and therefore,h S,Mg decreases faster.
The calculated results of desulfurization for various ini-tial sulfur concentrations are given in Fig. 14. The desulfurization rate and the final sulfur concentration decrease with decreasing the initial sulfur concentration. The sulfur concentration does not decrease for the initial sulfur concentration of 100 ppm, because the equilibrium sulfur concentration is 137 ppm under the present conditions. Figure 15 shows the effect of initial sulfur concentration on the desulfurization efficiency of magnesium vapor. The value of h S,Mg decreases with decrease in initial sulfur concentration. From the above calculated results, one can deduce that the reduction of magnesium oxide is not fast and plays a decisive influence on the whole process of desulfurization. Hence, the reduction of magnesium oxide with carbon should be made at a higher temperature, while the desulfurization should proceed at a lower temperature. For the application of the present method of desulfurization to a practical desulfurization process, it is necessary to separate the sites of the reduction of magnesium oxide and the desulfurization.
Conclusions
A new method of desulfurization of molten iron has been proposed with magnesium vapor produced in-situ by the carbothermic reduction of magnesium oxide. This desulfurization process has been studied experimentally and theoretically. The following conclusions have been drawn.
(1) The reduction of magnesium oxide plays the decisive role in the whole process of desulfurization.
(2) The desulfurization rate increases with increasing temperature and Ar carrier gas flow rate. But at 2 053 K the resulfurization proceeds evidently. The desulfurization efficiency of magnesium does not increase with increasing melt mass. The addition of SiO 2 containing slag to the pellet promotes the reduction of magnesium oxide and hence the desulfurization.
(3) A mathematical model of desulfurization of this process has been developed. The calculated results are well consistent with the experimental results.
(4) The rate-controlling step changes with the progress of desulfurization during bubble formation and ascent periods. At the beginning of the formation period, the difference of the mass transfer rates between sulfur in the melt and magnesium in the bubble is not large, and both should be considered as the rate-controlling steps. At the end of the ascent period, the magnesium partial pressure decreases close to the equilibrium value because the initial magnesium partial pressure is low. The mass transfer of magnesium in the bubble is much slower than that of sulfur in the melt and becomes the rate-controlling step. (5) The desulfurization mainly takes place on the bubble surface. The amount of desulfurization during the bubble formation period is larger than that during the bubble ascent period. The effects of pellet mass and initial sulfur concentration on desulfurization can also be reasonably explained by the present mathematical model.
Although the desulfurization rate is not fast and the sulfur concentration does not reach an ultra-low value due to the slow carbothermic reduction rate of magnesium oxide at the temperature of pretreatment of hot metal, this work is the first step, upon which subsequent, more comprehensive studies may be based. This process should be improved by separating the sites of the carbothermic reduction of magnesium oxide and the desulfurization, or by using a new pellet containing a stronger reductant to reduce magnesia faster and to desulfurize the molten iron more rapidly and more completely.
